The study of the sorption processes of polyfunctional initiating systems on to organic and inorganic fillers has arisen because of the development of new filled copolymer composites. In the present study, the kinetics of formation of adsorption layers by surface-active functional oligoperoxides (FSAP) based on vinyl acetate (VA), 2-t-butylperoxy-2-methyl-5-hexene-3-yne (VEP), maleic anhydride (MAN) or maleic acid (MA) at molar ratios of VA/VEP/MA and VA/VEP/MAN equal to 1:1:1 and derived metal complexes (OMC) with a Cu 2+ ion content of 0.45% and 0.80% on the surface of glass-carbon plates were examined.
INTRODUCTION
Surface-active oligoperoxides and metal complexes based on these materials are of great theoretical and applied interest both as high- (Zaichenko et al. 2000) or low- (Zaichenko et al. 2001 ) temperature radical initiators and as important components for obtaining semi-conducting polymeric composite materials (Joly et al. 2000) . For these reasons, investigations of the sorption of polyfunctional initiating systems on to organic and inorganic fillers for obtaining and modifying filled polymer composites are topical. Such interest arises, firstly, from the necessity of obtaining the optimum conditions for the surface activation of different types of fillers with polyfunctional oligoperoxides and, secondly, for examining the further reactions of such modified materials during the formation and curing of composites.
In many instances, it is possible to make a distinction between the adsorption of low and high molecular weight compounds. This arises because of the ability of macromolecules to change their conformations both in solution and on the surface (James 1988) . The activation entropy and free energy (DG g 0 ) of adsorption exhibit noticeable decreases when macromolecules are tethered on to a surface. This is caused by the different possible varieties of attachment of the sorbed molecule on to the surface, which is especially important in the case of polyfunctional macromolecules. Since macromolecules lose a portion of their conformational entropy as a result of adsorption, a minimal critical value of the free energy (DG 0 ads ) is necessary for the linkage of macromolecules to the surface. The total number of polymer segments tethered to the surface determines the amount of polymer adsorbed, this number increasing roughly in line with the difference between the free energy of sorption and the minimal critical value, i.e. DG g 0 -DG 0 ads (Yamakawa 1971) . Because of the low rate of diffusion of macromolecules associated with their increased molecular weight and †First presented at the 6th Polish-Ukrainian Symposium on Theoretical and Experimental Studies of Interfacial Phenomena and their Technological Applications, Odessa, Ukraine, 9-13 September 2001. *Author to whom all correspondence should be addressed. E-mail: yezerska@ipm.lviv.ua. ability to undergo conformational changes both in solution and on the surface, the rate of polymer adsorption is relatively low so that the equilibrium state takes a long time to be established. These peculiarities of polymer adsorption are also influenced by the thermodynamic quality of the solvent, a factor that needs to be taken into account with filler surface modification processes. Especially complicated relationships apply to the adsorption of polyfunctional oligoperoxides; such relationships determine both the conformations of the molecules on the surface and the kinetic parameters for free-radical formation and the initiation of polymerization.
EXPERIMENTAL
In the present work, we have investigated the adsorption of surface-active oligoperoxides (FSAP) based on vinyl acetate (VA), 2-t-butylperoxy-2-methyl-5-hexene-3-yne (VEP), maleic anhydride (MAN) or maleic acid (MA) at 1:1:1 molar ratios of the initial monomers and a number average molecular weight of 5000 g/mol based on the general structure:
Oligomeric metal complexes (OMC) containing coordinated Cu 2+ cations were obtained employing the above-mentioned FSAP as ligands. Excess Cu 2+ cations were removed from such OMC and the latter dried to constant weight under vacuum conditions. The metal cation content of OMC was determined by elemental analysis and confirmed by atomic absorption spectroscopy. The difference between results obtained by the two methods was ca. 3-4%. Adsorption of FSAP and OMC with [Cu 2+ ] equal to 0.45% and 0.80% from methanol solutions was studied.
The surface tensions, s, of aqueous alkaline solutions of FSAP and OMC were determined by measurement of the maximum bulb pressure after an equilibrium state had been attained using the technique described by Kovbuz et al. (1969) .
Values of the adsorption of FSAP and OMC at the aqueous solution/air interface as well as values of their surface activity (G = -ds/dC at solution concentrations C ® 0) were calculated from experimental isotherms of s versus C using the Gibbs equation (Kovbuz et al. 1983) . The values of ds/dC were determined from the slopes of the tangents to the s versus C isotherm curves at C ® 0. The adsorption values (A) at the phase boundary could then be calculated by substituting the known values of C and ds/dC into the Gibbs equation. The limiting adsorption (A m ) of FSAP and OMC molecules at the phase boundary was calculated from the Langmuir equation after its transformation to the form (Abramzon 1975) :
The amount of FSAP and OMC sorbed on to the surface of the g-Fe 2 O 3 particles employed as well as the peroxide fragment content of the particle shell were determined via thermal decomposition of the peroxide-containing fillers under argon at 483 K, followed by chromatographic analysis of the final decomposition products produced. The average deviation between the results of such determinations and elemental analyses were ca. 3-5%, a value which was within the systematic errors expected for both methods.
Control of the adsorption of FSAP and OMC on to a glass-carbon electrode surface was obtained using a potentiometric technique without an external potential. A saturated AgCl electrode was used for comparative purposes. The activity of the oligoperoxide functional groups before and after sorption was determined using cyclic voltammetry. Adsorption of the oligoperoxides on to such glass-carbon electrodes was undertaken both from freshly prepared 0.001-0.01 M solutions of FSAP and OMC and after storage of the solutions for 24 h.
RESULTS AND DISCUSSION
Investigations of the colloidal chemical properties of aqueous solutions of OMC showed that the formation of coordinate bonds between the Cu 2+ cations and the oligomeric ligands led both to an increase in their surface tension (s) and to an increase in s with increasing mole fraction of OMC in the system (Figures 1 and 2) .
The surface activities of these substances as obtained from the experimental isotherms of s versus C (Figure 1 ) demonstrated that such activities did not depend on the Cu 2+ ion content of OMC. However, it should be noted that the value of the surface activities for FSAP and OMC when investigated over an OMC mole fraction content from 0 to 0.25 was -0.003 (J m)/mol, a very small value characteristic of molecules with a high content of polar groups. This result may be explained by the decrease in the molecular size of the sorbed OMC due to their tightly packed conformations relative to those of FSAP which resulted in a greater quantity of OMC being adsorbed at the interface. It is known (Abramzon 1975 ) that a greater quantity of smaller molecules is required at the interface to achieve the same decrease in surface tension achieved by large molecules. The decrease in the mobility of the sorbed OMC molecules due to their more compact packing restricts their phase-boundary change and is also a possible reason for the observed increase in surface tension. The increase in the maximum adsorption of OMC at the water/air interphase boundary as well as on to the surface of dispersed particles of g-Fe 2 O 3 as the mole fraction of stable OMC increased is demonstrated by the results depicted in Figures 3 and 4 .
By employing the maximum sorption values for FSAP and OMC at the water/air interphase, we have been able to calculate the approximate number average surface areas per oligomer molecule sorbed (S n ). As shown in Figure 5 , these values decreased with increasing content of Cu 2+ ioncontaining molecules in solution due to their more compact packing, suggesting that the conformational arrangement of the sorbed molecules at the interface corresponds to the completely extended form.
The dependence of S n upon the mole fraction of OMC (g) in solution depicted in Figure 5 suggests that this approaches a constant value at some definite value of g. In our opinion, such behaviour may be explained by the attainment of a constant FSAP/OMC ratio at the interface when a certain content of OMC is present in the system.
The kinetic curves for the adsorption of FSAP and OMC from methanol solutions, as obtained by electrochemical methods and depicted in Figure 6 , also demonstrate a characteristic shape. Thus, they are all characterized by a high initial adsorption rate (up to 3-6 min) followed by a subsequent gradual increase in adsorption until an equilibrium state was attained. In consequence of oligoperoxide adsorption, the glass-carbon electrode acquired a positive charge. This charge was hardly noticeable for methanol itself but increased significantly in the presence of oligoperoxides (see data listed in Table 1 ).
The two-step nature of the kinetic curves may be explained by the reorganization of the adsorption layers due to the competitive adsorption of large oligomer molecules which diffuse more slowly to the surface. This was especially noticable with OMC which is capable of forming coordinated complexes of different structure and molecular weight relative to FSAP which has a much narrower molecular weight distribution and a more homogeneous composition. This latter point was demonstrated by turbidimetric analysis of OMC solutions.
Using rotating glass-carbon electrodes, the shapes of the cyclic voltammograms obtained for methanol solutions of FSAP and OMC with 0.3 M NH 4 NO 3 as a background electrolyte, both freshly prepared and after storage for 24 h, were virtually unchanged. However, Zaichenko et al. (2000) showed that, over the same period of time, the voltammetric diagrams obtained for OMC indicated a partial transformation of the -C=O and -O:O-groups in this molecule. It should be noted that the rate of adsorption of stored oligoperoxide solutions was enhanced considerably for FSAP relative to fresh solutions (Figure 7) but diminished noticeably for OMC over the time length of the kinetic experiments (Table 1) . Obviously, the changes associated with oligoperoxide molecules taking place when the solutions were stored for 24 h caused an acceleration in the formation of two-dimensional condensed layers at the interface. Thus, after 24 h storage, OMC adsorption occurred at a lower rate than the adsorption of FSAP although the final values for OMC adsorption were greater.
It should be emphasized however that, in both freshly prepared FSAP solutions and in FSAP solutions containing stable intermolecular structures, a sharp decrease was observed in the final VA/VEP/MAN 0.37 0.37 0.01 5.1 0.39 0.03 2.7 0.7 (0.80% Cu 2+ ) a E 0 = initial surface potential at the moment of contact with the solution; E 1 = potential value during rapid adsorption; DE 1 = E 1 -E 0 ; V 1 = adsorption rate during rapid stage; V 2 = adsorption rate during stable stage; E k = stable potential value; DE k = E k -E 1 ; k = effective adsorption rate constant. potential (DE » 0.2 V) presumably as a result of the rapid rotation of the electrode. Subsequently (after 2-3 min), the final electrode potential increased rapidly to its initial value in the case of FSAP VA/VAP/MA-based adsorption but at a somewhat slower rate (after 5-7 min) for FSAP VA/VEP/MAN-based adsorption.
It may be concluded that the value of the electrode potential, which includes the value of the potential of the double oligoperoxide layer, f d (Parfitt and Rochester 1986; Damaskin and Baturina 2000) , was somewhat lower than the real magnitude of this quantity as a result of electrode rotation. If such rotation destroyed the diffusive layer obtained, the value of f d would be near to 0.2 V. Hence, diffusion must be important in the adsorption of oligomer molecules. The part of the molecules which forms organized structures at the phase boundary, and which affects the electrode potential through its contribution to f d , must be weakly tethered to the glass-carbon surface.
In contrast, OMC molecules form strongly tethered networks on the electrode surface which are not destroyed during solution mixing. Such a phenomenon was established earlier during studies of the polarographic reduction of polymeric diacylic peroxides using a dropping mercury electrode (Kovbuz et al. 1969 (Kovbuz et al. , 1983 . It is interesting to note that electrode rotation only influences the movement of OMC molecules to the electrode surface and, as a result, causes hardly any increase (DE = 0.05-0.10 V) in the electrode potential.
CONCLUSIONS
On the basis of the maximum sorption values at the water/air interface of functional surface-active oligoperoxides (FSAP) and derived Cu 2+ -containing metal complexes (OMC), it was possible to determine approximate values of the average surface areas, S n , per sorbed oligomer molecule. These values decreased with increasing content of Cu 2+ cations in the metal complex molecules as a result of their increasingly compact packing, suggesting that the conformation structure of such sorbed molecules at the interface was close to the completely extended form.
The kinetic adsorption curves obtained by electrochemical methods indicated that FSAP molecules adsorbed more slowly from fresh methanol solutions than OMC molecules. However, after storage for 24 h, OMC molecule adsorption was slower than that of FSAP although the final values for OMC adsorption were higher. It was suggested that OMC molecules form strongly tethered network structures on the electrode surface that are not destroyed during solution mixing.
